show that the two-pore potassium channel THIK-1 is tonically active in microglia and promotes microglial ramification and surveillance of the brain parenchyma. Interestingly, THIK-1 is not essential to damage-induced outgrowth of microglial processes but is critical to microglial IL-1b release.
As the resident innate immune cells of the brain, microglia constantly survey their environment, help mount the brain's response to injury, and phagocytose debris (Kettenmann et al., 2013) . In performing these functions, microglia can exist in a resting state (for surveillance) or an activated state (to respond to injury). These two states differ dramatically in microglial morphology, motility, and gene expression. In the resting state, microglia have fine processes that move through the brain parenchyma, surveying the environment. Large changes in microglia morphology occur on a minutes-to-hours timescale while microglia are ''at rest.'' In fact, it is estimated that microglia survey the entire brain parenchyma every few hours (Nimmerjahn et al., 2005) . On the other hand, in the activated state, microglial processes show rapid directional growth toward sites of injury or damage and contribute to inflammatory signaling. How microglia maintain and transition their cellular properties between these states has long been enigmatic, although ATP and P2Y receptors are clearly important (Davalos et al., 2005; Haynes et al., 2006) . In this issue of Neuron, Madry et al. (2018) The functional segregation of THIK-1 in defining the properties of resting, but not activated, microglia is striking ( Figure 1A ). Pharmacologically blocking THIK-1, or genetic knockout, significantly depolarizes microglial resting membrane potential, attenuates their ongoing motility, and reduces microglial morphological ramification. THIK-1 is not required, however, for microglial process outgrowth to sites of tissue damage. In contrast, P2Y 12 receptors are essential for the microglial response to focal injury but do not control ongoing microglial surveillance. Strangely, while THIK-1 activity is potentiated by P2Y 12 receptor activation during the injury response, THIK-1 current is irrelevant to injury-induced process outgrowth. While THIK-1 activity may contribute to a yet undefined aspect of microglial injury response, any potential role in injury-induced process outgrowth can be ruled out. How THIK-1 currents contribute to distinct morphogenic processes in microglia remains to be seen. For now, Madry et al. (2018) show clear evidence that loss of THIK-1 currents, or application of supra-physiological K + , depolarizes microglia and leads to decreased morphological ramification and surveillance of the neuropil.
The presence of tonic THIK-1 currents in microglia leads to a number of interesting downstream consequences. First, THIK-1 is inhibited by commonly used volatile anesthetics, in particular, halothane and isoflurane. Because inhibition of THIK-1 decreases microglia ramification and surveillance, Madry et al. (2018) tested whether in vivo exposure to isoflurane affected microglial ramification. Indeed, they report that isoflurane, but not urethane (which does not affect THIK-1 currents), causes a significant decrease in microglial process number and complexity. This result raises important clinical questions. General anesthesia has negative effects on neuronal survival and cognitive function (JevtovicTodorovic et al., 2003) , and pediatric patients are particularly vulnerable. Given that microglia prune synapses and shape cortical circuits during early brain development (Schafer et al., 2012; Stevens et al., 2007) , is it possible that exposure to isoflurane disrupts normal microglial function and leads to long-term changes in synaptic connectivity? The findings of Madry et al. (2018) suggest that this question deserves further study. Second, they show that THIK-1 plays a role in inflammasome function. Using lipopolysaccharide (LPS) treatment to induce an inflammatory response, Madry et al. (2018) show that THIK-1 is required for the release of the pro-inflammatory cytokine IL-1b. Therefore, THIK-1 may have implications for a number of neurological conditions associated with inflammation, such as neuropathic pain, ischemic stroke, and neurodegenerative disease. Given that anesthesia exposure is often used for surgical treatment, which is typically associated with some degree of inflammation, THIK-1 sits the interface between the effects of anesthesia and the ability of microglia to initiate inflammation. Future work may address whether modulating THIK-1 activity and microglial membrane potential can affect the long-term consequences of anesthetic exposure and limit the detrimental effects of the inflammatory response in the central nervous system.
It is especially interesting that resting microglial properties are controlled by a K + current. This suggests there may be previously unappreciated opportunities for glial-neuron and glial-glial interactions ( Figure 1B ). Neuronal activity causes extracellular K + accumulation, which under certain circumstances may affect microglial properties via THIK-1. For example, we know that microglia experience significant K + fluxes in response to events like spreading depression (Wendt et al., 2016) . Presumably, any change in extracellular K + could alter the driving force for THIK-1-mediated K + currents and thus impact microglial surveillance of the neuropil. Based on the data presented by Madry et al. (2018) , however, microglial properties may only be altered by extremely large changes in extracellular K + , as might occur in stroke or seizure. Future studies will be required to determine how physiologic K + dynamics might contribute to microglial properties. Next, astrocytes play a critical role in maintaining extracellular K + levels via their own unique expression of K + channels like Kir4. (A) Tonic THIK-1 is required for normal microglial surveillance and morphology. When THIK-1 is blocked, as occurs during isoflurane anesthesia, microglia surveillance and morphology are decreased. In addition, when LPS is introduced, THIK-1 activity is required for inflammasome assembly and the release of IL-1b. Interestingly, targeted process outgrowth in response to injury does not require THIK-1 activity.
(B) Does K + link neuroglial interactions? K + is released from neurons during action potential (AP) firing and extruded from microglia via THIK-1. Astrocytes use Kir4.1 to remove K + and buffer extracellular K + levels. Neurological conditions can contribute to aberrant extracellular K + levels, including release from the vasculature following ischemic stroke or brain injury (red arrow), following increased concentrations associated with cortical spreading depression (CSD; blue arrow), or during increased synaptic activity as occurs during epileptiform discharges (green arrow). (Schafer et al., 2012; Stevens et al., 2007) and disease (Hong et al., 2016; Paolicelli et al., 2011 In theory, these events may be able to alter microglial properties during a critical window of complement-dependent synaptic reorganization and lead to long-term changes in neuronal connectivity. Future work will address whether or not modulation of THIK-1 function in surveilling microglia contributes to development of complex cortical circuits, perhaps via modulation of complement-dependent synapse pruning. Finally, it will be fascinating to directly manipulate microglial membrane potential, using opto-or chemogenetics, to more precisely interrogate how microglial membrane potential affects morphology and surveillance. Conversely, advances in genetically encoded voltage indicators may allow imaging of microglial membrane potential in distal processes. This could aid in revealing the temporal and spatial dynamics of the membrane potential-morphology relationship. The specifics of this relationship are critical to understanding how events that depolarize microglia might alter neuropil surveillance in general but may also provide further insight into how microglia depolarization specifically affects neuron/microglia interactions. In summary, the identification of tonic THIK-1 activation in resting microglia represents a fundamental and significant step forward in our understanding of microglial physiology. Madry et al. (2018) build on the Attwell group's decades of previous discoveries to show the importance of THIK-1 in microglial function and offer a window into the rapid, dynamic, and diverse nature of microglial physiology.
